Quantifying cell-adhesion strength is of great importance in biology and medicine. Cell-adhesion strength can be characterized by separating two adherent cells and determining the force required to do so, or by measuring the lifetime of a receptor-ligand bond that mediates cell adhesion. To this end, several micropipette-based experimental techniques that operate at both cellular and molecular levels have been developed over the past few decades. In this review, we provide an overview of three of these techniques, i.e., the step-pressure technique (SPT), the biomembraneforce probe (BFP), and the micropipette-aspiration technique (MAT). More detailed discussion will be given about the requirements and applications of the MAT.
INTRODUCTION
Intercellular adhesion, which is essential for preserving and maintaining living tissue integrity and function, has a wide spectrum of binding strength. While strong cell adhesion is necessary in some cases such as tight intercellular junctions, only weak cell adhesion is present in some other cases such as leukocyte rolling on the endothelium. Therefore, quantifying cell-adhesion strength is of great interest to biophysicists and bioengineers. To this end, many experimental techniques have been developed. At the cellular level, these techniques include methods that are based on centrifugation (1), hydrodynamic shear (parallel, radial, and rotational) (2-4), and micropipette manipulation (5). At the molecular level, they include atomic force microscopy (6), the optical trap (7), the microneedle technique (8), the magnetic force apparatus (9), the biomembrane-force probe (BFP) (10), and the micropipette-aspiration technique (MAT) (11). Many reviews have been written in regard to atomic force microscopy and the optical trap. In this paper, we present an overview of the quantification of cell-adhesion strength by means of micropipette manipulation at both cellular and molecular levels.
The application of micropipette manipulation to single cell studies can be traced back to Mitchison and Swann, who first developed and employed a micropipettebased elastimeter to determine the internal pressure and the membrane elastic modulus of unfertilized sea urchin eggs (12, 13) . Ten years after this pioneering effort, Rand and Burton further refined the elastimeter and applied it to the study of the viscoelastic properties of the erythrocyte membrane (14, 15) . In the 1970s and 80s, the micropipettemanipulation system was significantly improved at several laboratories and applied to a myriad of studies on the mechanics of erythrocytes, leukocytes, endothelial cells, and lipid vesicles or liposomes (16) (17) (18) (19) (20) . In these early studies, either a point force or a suction pressure over a small area was imposed on a single cell or liposome surface. If a suction pressure was imposed, its correlation with the aspirated projection length of the cell or liposome inside the micropipette would be obtained; if a tensile point force was imposed, its correlation with the growth rate of a long thin membrane tube (a tether), which was extracted from the cell or liposome, would be obtained. With the aid of theoretical analysis, these experimental data yielded many valuable material constants of cells or cell membranes such as Young's modulus, shear viscosity, expansion modulus, bending stiffness, and elastic shear modulus. These studies have been summarized in three excellent reviews by Mohandas and Evans, Waugh and Hochmuth, and Hochmuth (21) (22) (23) . In the 1990s, micropipette manipulation was further extended to many other studies such as the metastasis of tumor cells and the two-dimensional (2-D) kinetics of cell-cell interactions (24) (25) (26) .
Quantification of cell-adhesion strength is one of many applications of micropipette manipulation. Specific cell adhesion in biology is mediated by receptor-ligand interactions and the like. Consequently, cell-adhesion strength is traditionally characterized by receptor-ligand binding affinity and avidity. One common approach to quantifying this strength is to impose a pulling force to rupture the adhesive contact (single or multiple bonds) between two opposing surfaces. Different indicators are obtained depending on different types of applied force. If Figure 1 . Schematic representations of three micropipettebased techniques for quantifying cell-adhesion strength: a) the step-pressure technique, b) the biomembrane-force probe, and c) the micropipette-aspiration technique. R c is the radius of the conjugation interface. All the cells on the right can be replaced with another type of object such as a bead or a flat substrate.
an increasing force is applied, the force magnitude at rupture will be measured; if a constant force is applied, the adhesion lifetime under this force will be measured. A variety of techniques are available for this purpose. Next, we will discuss three that are based upon a micropipettemanipulation system, namely the step-pressure technique (SPT), the BFP, and the MAT.
THE STEP-PRESSURE TECHNIQUE (SPT)
The step-pressure technique, which was developed by Sung et al. in 1986 , is the first micropipettebased technique that was employed for quantifying celladhesion strength (17) . The major components of a micropipette-manipulation system are micropipettes (cylindrical glass tubes with internal diameters of a few micrometers), micromanipulators (for controlling the positions of the micropipettes in an experimental chamber), and manometers (for controlling the pressures within the micropipettes). The resolution of the manometers typically used is about 0.01 pN/µm 2 or 1 µm H 2 O (11, 27). Figure 1a illustrates how the SPT works. One cell is held tightly on the right by a micropipette with a large suction pressure, while another is held on the left by another micropipette with a smaller suction pressure. First, the cell on the left is brought into contact with the cell on the right. These two cells are allowed to adhere to each other for some time. Then the cell on the left is pulled away. If adhesion has developed and the suction pressure in the left pipette is not large enough, the cell on the left will slip out of the left pipette. Afterwards, the suction pressure in the left pipette will be increased stepwise and the whole procedure will be repeated until the cell on the left is separated from the cell on the right. The minimum suction pressure that leads to the complete separation of these two cells is referred to as the critical separation pressure (P c ).
Then the critical separation stress (S c ), whose magnitude represents the adhesion strength, will be calculated with an empirical equation (17),
where R p is the radius of the left micropipette and R c is the radius of the conjugation interface ( Figure 1a ).
Sung et al. first applied the SPT to determining the critical separation stress of a cytotoxic T cell and one of its specific target cells, JY (a B lymphoblastoid cell line), and obtained a value of 1.5 nN/µm 2 for S c (17) . A biophysical model was later established for relating the adhesion energy density between these two cells, which is defined as the adhesion energy per unit conjugation area, to the instantaneous conjugation area during the separation process. This energy density was found to increase from 0.2 dyn/cm to 1.4 dyn/cm while the conjugation area decreased from 6.5 µm 2 to 0.5 µm 2 . With this model, the authors also found that the reciprocal of the adhesion energy density is linearly proportional to the conjugation area (28) . The second application of the SPT made by Sung et al. was to characterize the adhesion strength between HL-60 cells (model leukocytes) and IL-1β-stimulated endothelial cells. However, they were able only to determine an average separation force of 744 µdyn because it was difficult to measure the conjugation area (29) . These results showed that the SPT is reasonably effective in quantifying cell-adhesion strength on a cellular scale.
The cell on the right shown in Figure 1a can be replaced by a protein-coated substrate (or any other surface such as a flat plate with cells in culture) so that cellsubstrate adhesion strength can be determined. For this type of experiment, a biophysical model was also established by assuming the cell on the left is a viscoelastic sphere (radius R s ) (30) . With this model, the adhesion energy density between the cell and substrate (γ) can be calculated with
In this manner, Tozeren et al. calculated the adhesion energy density between phorbol 12-myristate 13-acetate (PMA)-stimulated T lymphocytes and ICAM-1-coated substrates. They obtained a value of about 0.15 dyn/cm, two orders of magnitude larger than the one reported for the interaction between Jurkat T-cells and LFA-3-coated substrates (0.0013 dyn/cm), which is known to be weak (30, 31) . This modified SPT has also been applied to fibroblasts and laminin-or fibronectin-coated substrates, where relative adhesion strengths have been reported (32, 33) .
For the SPT to work, one of the key requirements is that nonspecific adhesion between the cell and pipette wall has to be much weaker than the overall adhesion strength against the external cell or substrate. Besides, a final clean separation of these two cells is desired. If tethers are formed between the cells during the separation process, the assessment of whether the adherent cell is completely separated from the other cell or substrate will become relatively arbitrary (17) . On the analytical side, because the biophysical properties of the adherent cells could be drastically different for different cell types, tailored analysis might be needed for each specific study. One recent important finding that should be included in a future modeling effort is that, when pulled, the lifetime of a receptor-ligand bond will depend on both the magnitude and loading rate of the applied force, i.e., the rupture force of the bond will depend on how fast it is stressed. As a result, the critical separation stress will depend on how fast the cell on the left is pulled away. Nevertheless, compared with other techniques like centrifugation, the SPT does allow us to observe two adherent cells in action and obtain a quantitative measure of their adhesion strength through some simple analyses.
THE BIOMEMBRANE-FORCE PROBE (BFP)
The biomembrane-force probe was developed by Evans et al. in 1995 (10) . As shown in Figure 1b , an inflated lipid vesicle (liposome) or erythrocyte is held by a micropipette with a suction pressure while a latex bead is tightly attached to the vesicle or erythrocyte as the force transducer. The bead is coated with proteins of interest so that it can interact with the cell on the right. The pulling or pushing force imposed on the bead will result in the membrane deformation, which is equivalent to the extension or compression of a spring. Therefore, the whole system functions like a spring and the spring constant (k f ) can be calculated by (34) 
where T m is the membrane tension of the vesicle or erythrocyte, R b , R p , and R 0 are respectively the radii of the bead, left pipette, and vesicle or erythrocyte membrane capsule. Since T m and the suction pressure in the left pipette are related by the Law of Laplace, k f can be easily adjusted in the range of 0.001 pN/nm to 10 pN/nm by changing the suction pressure in the left pipette. Thus, the loading rate of the force is also adjustable. This is the major advantage that the BFP has over other techniques.
The BFP can be used in imposing forces from 0.5 pN to over 1000 pN with a wide range of loading rates from 0.1 pN/s to 10 5 pN/s (35) . To impose a constant force, the BFP needs a feedback system that allows a set amount of membrane deformation. The displacement of the BFP force transducer can be tracked with reflection interference contrast at nanometer resolution. With this sub-piconewton force and nanometer displacement capability, the BFP has proven to be an elegant system for studying a receptorligand bond subjected to a pulling force (36) (37) (38) . Most importantly, Evans et al. have shown theoretically and experimentally that the rupture force of a receptor-ligand bond depends on how fast the bond is pulled, i.e., the loading rate of the force (39) (40) (41) (42) (43) (44) . For detailed discussion of this technique and its application to quantifying celladhesion strength, see the review by Evans (44).
THE MICROPIPETTE-ASPIRATION TECHNIQUE (MAT)
Shortly after the BFP was invented, the micropipette-aspiration technique was developed by Shao and Hochmuth (11) . While the BFP is based upon the theoretical principle of solid mechanics, the MAT is fluid mechanical in nature. In other words, the force on the transducer is imposed by viscous forces rather than elastic deformation. As shown in Figure 1c , a spherical object, either a cell or a bead, can serve as the transducer of the MAT. A small clearance between the bead-transducer and pipette wall is necessary to enable the transducer to move freely inside the micropipette. A positive pressure will allow the bead, which is coated with proteins of interest, to contact and adhere to the cell on the right. An ensuing constant suction pressure (∆p) will impose a pulling force on the adhesive bond and rupture the adhesion. The magnitude of the force on the transducer can be calculated by (11)
where U f is the free-motion velocity of the transducer at ∆p, U t is the velocity of the transducer after adhesion at the same ∆p, and
where ε is the minimum gap width between the beadtransducer and pipette wall. For small gaps, 3 4ε becomes negligible. If the transducer is stationary after its adhesion to the cell surface (U t = 0), F reduces to the product of the cross sectional area of the pipette and the suction pressure. If the transducer moves at its free-motion velocity, i.e., in the absence of adhesion (U t = U f ), F will be zero. As long as U t is a constant after adhesion, which was often the case in previous experiments (11), a constant force can be easily imposed with the MAT without any feedback system.
For any micropipette-manipulation system, the pressure-drop (∆p) resolution is a constant, so the force resolution of the MAT depends on R p . For a bead of 9 µm in diameter, a theoretical resolution of 1 pN can be calculated from Eq. (4), corresponding to a pressure resolution of 1 µm H 2 O or 0.01 pN/µm 2 . Although it is possible to extend the range of force that can be imposed with the MAT to sub-piconewtons (45), the smallest force that has ever been imposed with a 9-µm bead to date was about 15 pN (46) . The smallest bead ever used in the MAT was around 3.2 µm in diameter, which allowed us to impose forces of a few piconewtons (unpublished data). With the single particle tracking technique (47), the beadtransducer displacement of the MAT can be tracked with an accuracy of a few nanometers. While the low force sensitivity of the MAT is similar to that of the optical trap, its high force range is much greater. With the MAT, forces on the order of hundreds of nanonewtons can be imposed. In the next two sections, we will discuss the requirements and applications of the MAT.
REQUIREMENTS OF THE MAT
For the MAT to work well, at least three conditions have to be satisfied during every experiment: 1) the transducer bead moves approximately along the axis of the left pipette (Figure 1c) , 2) ε << R p , and 3) the distance between the cell and left pipette is appropriate, i.e., neither Figure 2 . The repulsive force between a glass surface and a 1-µm latex bead at different relative distances in pure water and two different buffers: Tris 10 mM and 100 mM. From Ota (49) . too small nor too large. Since any adhesion between the bead-transducer and pipette wall will interfere with determination of the adhesion between the beadtransducer and the external cell on the right, it is critical to ensure that the bead does not adhere to the pipette wall.
Equation (4) is based on low Reynolds number hydrodynamics (creeping flow) under the assumption that the bead is exactly coaxial with the micropipette in which it moves. Accordingly, any spherical particle that is displaced from the tube axis will maintain its radial position because no hydrodynamic radial forces will be experienced by the sphere at zero Reynolds number (48) . If the bead-transducer of the MAT drifts away from the tube axis, its free motion velocity (U f ) could be quite different from the coaxial value even under the same suction pressure. However, the values of U f measured from all our experiments are quite consistent (unpublished data), indicating that the bead was indeed approximately coaxial to the micropipette. This fact can be explained by the existence of a centripetally-repulsive force exerted by the micropipette wall on the bead. This force, effective especially when ε is small, inhibits the radially-outward drift of the bead. Figure 2 shows measurements of the repulsive force acting on a 1-µm latex bead as it approached a glass surface in pure water and two different buffers (49) . Obviously, this repulsive force could be very large (tens of piconewtons) when the distance between the two surfaces is small (≤ about 100 nm). Since the gap was approximately 100 nm in the MAT experiment where a latex bead was used as the force transducer (27) , it is very likely that the surface force between the bead-transducer and pipette wall prevented the bead from drifting to an appreciably offaxis position. When a spherical neutrophil was used as the transducer, an equivalent gap width of 0.1 µm was computed (11). Because the interaction force between a neutrophil and a glass surface has not been measured, it remains to be shown that a similar mechanism exists in this case. In addition to the repulsive force, hydrodynamic forces due to the squeezing film effect may also play a role in keeping the bead coaxial with the micropipette.
If the force transducer moves coaxially through the micropipette, the total pressure drop over the whole micropipette (∆p) can be calculated by
where R p is the radius of the micropipette lumen, µ is the medium viscosity, U is the velocity of the transducer with or without adhesion to a cell or substrate, and L eq is the equivalent length of the micropipette, which is defined as
where Q is the volumetric flow rate under ∆p when the bead-transducer is absent in the micropipette. Equation (6) is a more accurate description of the pressure drop than the equation derived earlier by Shao and Hochmuth (11). In the latter derivation, an arctangent term was approximated by π/2, which resulted an error of about 10% if the force is directly calculated from the volumetric flow rate in the micropipette (unpublished data). For Eq. (4) to work, the last term in the second square bracket in Eq. (6) has to be small enough to be neglected, which requires that ε << R p and that the equivalent length of the micropipette is not too long. If these conditions are not satisfied, the force calculation will become very complicated and that makes the MAT difficult to use. Besides, if ε is not small enough for the repulsive force to have any effect, the bead-transducer may drift away from the micropipette axis and Eq. (6), on which Eq. (4) is based, may lose its validity. Large ε will also have some adverse effects on the study of tether formation, which will be discussed in the next section.
The presence of the external cell on the right in Figure 1c , as long as it is outside the left pipette, does not contribute much to the resistance of the flow in the left micropipette. This was confirmed experimentally by Shao and Hochmuth (11) and again numerically by us (data not shown). Our numerical simulation also showed that, only when the shortest distance between the left pipette and the cell on the right becomes comparable to ε, the cell presence would have a large impact on the force calculation. However, the distance between the left pipette opening and the external cell on the right must not be too large either because most of the bead volume should remain inside the left pipette when F is imposed. If the external cell in Figure  1c is replaced by a much larger bead as in the study by Levin et al. (50) or a large flat substrate, a similar criterion can be applied. Figure 3 shows the mean velocity of the fluid in the left pipette when a semi-infinite plane replaces the external cell in Figure 1c and is placed at different distances from the left pipette (d). It is obvious that, as long as the distance between the left pipette and substrate is larger than 1 µm, its influence on the fluid velocity will be negligible. This indicates that, under this condition, the 6) and an assumed tether force-velocity relationship of F = 60 + 3U t (in pN). Shown in the legends are L eq and ε, both in µm. It is obvious that when ε is large, Eq. (4) will overestimate the pulling force. If higher order terms of ε as shown in Eq. (6) are included in the force calculation, all the lines shown here will collapse into one that yields: F = 60 + 3U t Other parameters used in the calculation are: R p = 4.6 µm and µ = 0.001 pN·s/µm 2 .
force calculation will be only weakly affected as well. The pipette wall thickness used in this simulation, 3.9 µm, is an overestimate. For thinner pipette walls, the data points shown in Figure 3 will shift to the left and the same criterion of d > 1 µm will hold.
APPLICATIONS OF THE MAT
The MAT is very versatile and it has been applied to the study of: 1) membrane tether formation from single cells, 2) surface receptor expression, and 3) single molecule or bond mechanics. The first two are cellular level phenomena while the third is of molecular scale.
The MAT was first applied to studying the mechanics of membrane tethers extracted from passive human neutrophils (11). To extract a tether, a point force is applied by means of a receptor on a cell surface or a modified lipid molecule on a liposome. It has been shown theoretically and experimentally (also with other techniques such as the optical trap and other cell types such as activated neutrophils, endothelial cells, and lymphocytes (27, 51, 52 ) that a linear relationship exists between the pulling force (F) and tether growth velocity (U t ),
where L is the tether length, F 0 is the threshold force that is determined by the membrane tension, bending stiffness, and adhesion energy between the membrane and cytoskeleton, and µ eff is the effective viscosity that is determined by the membrane viscosity, interbilayer slip, and membrane slip over the cytoskeleton (11, 51, (53) (54) (55) (56) . For cells with excess membrane surface area, the adhesion energy between the membrane and cytoskeleton can be calculated from F 0 (57). According to Eq. (8), the slope dF/dU t > 0. However, according to Eq. (4), dF/dU t < 0. This shows that, for any R p and ∆p, cell heterogeneity will cause the data obtained with the MAT to scatter in a direction that crosses the intended F-U t correlation shown in Eq. (8). A simple error analysis will also show that larger scatter is expected at larger pressures. To eliminate this type of scatter, we need to average all the measurements obtained at the same ∆p. This way of treating the data is labor-intensive because a lot of data points must be generated at each ∆p, but it is very effective even at different equivalent lengths as long as ε is small, as shown in Figure 4 . Figure 4 also shows that it is essential to have a small ε. Otherwise, erroneous correlations between F and U t would be obtained with Eq. (4).
The MAT can also be used in studying twodimensional receptor-ligand kinetics. In this regard, it is similar to the technique developed by Chesla et al. (24) . The difference between these two techniques depends on how adhesion events are determined. While the technique developed by Chesla et al. employs observable cellular deformation as an indicator for adhesion events, the MAT detects transducer velocity changes for the same purpose. With the MAT, the contact area between the beadtransducer and cell is controlled with a well-defined positive pressure (27) . For short contact time, this type of control can create fairly consistent contact areas. For long contact time, the contact area may increase over time due to the viscoelastic properties of the cell. At constant contact area and contact time, the change in the receptor expression or affinity can be inferred from the change in the adhesion frequency, which is the total number of adhesion events divided by the total number of contacts. When combined with the kinetic analysis for small systems, the adhesion frequency will yield the forward and reverse reaction rate constants. With the MAT, Levin et al. successfully studied the expression of E-selectin on endothelial cells after IL-1α stimulation, which increased from 0 to 742/µm 2 in five hours (50) . The two-dimensional forward rate constant was calculated to be about 3.7×10 -6 µm 2 /s, which is in the same neighborhood as that of other similar interactions (24, 58) .
Compared with other techniques, the strength of the MAT is in its ability to study cell-cell interactions directly because a spherical cell can be employed as the transducer. One example is that, after β 2 integrins are induced to their high-or low-affinity forms by cations (magnesium, manganese, and calcium), human neutrophils remain spherical and can be used directly as the force transducer of the MAT. Spillmann et al. took advantage of this feature and investigated the influence of divalent cations on neutrophil homotypic adhesion (59), while Lomakina and Waugh studied the interaction between neutrophils and ICAM-1-coated substrates (60) .
As in tether extraction, a constant point force can be imposed with the MAT on a single molecular bond between two opposing surfaces. Thus, the effect of force on single-bond adhesion or kinetics can be studied. The lifetime of a single bond, which is indicative of a strong or weak adhesion and is the reciprocal of the reverse reaction rate constant, can be calculated by extrapolation if a correlation between the force and adhesion lifetime can be established experimentally. This requires that both receptor and ligand are anchored strongly on a surface (for example, via covalent bonds). However, if a receptor is anchored on a cell surface, the probability of uprooting it cannot be ignored, as demonstrated by Shao and Hochmuth in a study that involved multiple linkages with various strengths between a bead and a neutrophil (58) . In that study, the adhesion lifetime actually represents how long it takes to uproot one of three receptors on a human neutrophil: Lselectin, CD18, and CD45. With the MAT, how accurately the adhesion lifetime can be measured depends upon the exposure time of the camera working with the micropipette-manipulation system. For an analog camera, the time resolution is around 0.03 second. Since it takes about 0.1 second to reverse the pressure from positive to negative in the manometer of the MAT (unpublished data), the measured adhesion lifetime should be at least a few tenths of a second. Otherwise, adhesion events will be masked by non-adhesion events.
One major issue that is involved in single-bond studies is whether a single bond is really present in an experiment. This is an issue complicated by many factors such as receptor valency, molecular clustering, and surface topography, as noted in the review by Zhu et al. (61) . For uniformly-distributed molecules and monovalent bindings, it has been shown that, as long as the adhesion frequency is low (less than 25%), adhesion is dominated mainly by single bonds (58, 62) . For cell-bead or cell-substrate interactions, even in the presence of ligand clustering on the bead, our Monte Carlo simulation has shown that this criterion is still valid (unpublished data). Also, our simulation has shown that the single-bond percentage among all adhesion events will increase with ligand clustering if other conditions remain the same, as shown in Figure 5 . However, whether this criterion still holds for more complex situations remains to be seen.
CONCLUDING REMARKS
We have presented a concise overview of micropipette-based techniques that can be used for quantifying cell-adhesion strength. Special attention was given to the MAT, which has an enormous potential for the application of femtonewton-scale forces. Much progress has been made and much insight has been gained with these micropipette-based techniques, yet their adoption has been restricted by the presently limited degree of automation in their setup and the time-consuming data analysis. Nevertheless, their versatility overcomes many of their shortcomings. Besides, they provide us several useful tools with some unique features for studying cellular and molecular biomechanics, especially quantifying celladhesion strength.
